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ABSTRACT 
Background: Sex determination is an important step in establishing the biological profile of unidentified human 
remains. 
Aim: Firstly, to assess the degree of sexual dimorphism in permanent teeth, based on digital tooth measurements 
performed on panoramic radiographs. Secondly, to identify sex-related tooth position-specific measurements or 
combinations of such measurements, and to assess their applicability for potential sex determination. 
Materials and methods: Two hundred digital panoramic radiographs (100 males, 100 females; age range 22 - 34 
years) were retrospectively collected from the dental clinic files of the Dentomaxillofacial Radiology Center of the 
University Hospitals Leuven, Belgium, and imported in image enhancement software. Tooth length and width 
related variables were measured on all teeth in upper and lower left quadrant, and ratios of variables were 
calculated. Univariate and multivariate analyses were performed to quantify the sex discriminative value of the 
tooth position specific variables and their combinations. 
Results: The mandibular and maxillary canine showed the greatest sexual dimorphism and tooth length variables 
had the highest discriminative potential. Compared to single variables, combining variables or ratios of variables 
did not improve substantially the discrimination between males and females. 
Discussions and Conclusions: Considering that the discriminative ability values (AUC) were not higher than 0.80, 
it is not advocated to use the currently studied dental variables for accurate sex estimation in forensic practice. 
Keywords: sex estimation, panoramic radiographs, tooth width, tooth length, forensic odontology.
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INTRODUCTION  
Sex estimation in damaged and mutilated dead bodies and skeletal remains, constitutes the foremost step in 
medico-legal identification examinations. It enables to consider only the missing persons of the estimated sex, and 
subsequently sex specific age estimation can be performed [1,2]. Dental identifications are most frequently based 
on comparing the post mortem (PM) collected odontological evidences with the ante mortem (AM) specifications 
registered in the provided dental files. If AM records are not available, a PM profiling is established by the 
examining forensic odontologist. Characteristics of the individual likely to narrow the search for the AM 
resources, such as age, sex, ancestry, systemic disease, socio-economic status, occupation and habits are 
considered [2-6]. Sex estimation is an important part in diverse forensic disciplines. In forensic anthropology  sex 
estimation is  based on morphological and metrical features of the skeletal bones, such as skull and mandible [4,7-
10], scapula, clavicle, sternum, humerus, femur, hip and sacrum [8,11]. In forensic medicine, external and internal 
autopsies and (DNA) analysis of different prelevated biological materials are used [4,6,8]. In forensic odontology 
methods based on metric and non-metric dental features as well as DNA analysis of teeth (parts) are developed for 
sex estimation [1,4,8]. Teeth were used to estimate the sex of unknown individuals, based on the differences 
between sexes in the dimensions and the morphology of teeth [4,11], the dissimilar patterns of dental development 
and tooth eruption [8], and the expression of the amelogenin protein [4]. Related to tooth morphology, aplasia or 
hypoplasia of the maxillary lateral incisor was found predominantly in females, and hyperodontia predominantly 
in males [8]. Amelogenin is a major matrix protein of the human enamel, with a different signature in the size and 
the pattern of the nucleotide sequence in males (M) and females (F) [4]. Several studies compared tooth crown 
dimensions between sexes, measured intraoral [12-14], on dental casts [15-24], or on skeletal and dental remains 
[25-27]. Mesiodistal (MD) and buccolingual (BL) diameters of the permanent tooth crown were the two most 
commonly used and studied dimensions [14,18,19,21-27], followed by diagonal measurements (mesiobuccal-
distolingual and distobuccal-mesiolingual) [16,25,27,28], and the Mandibular Canine Index, expressed as the ratio 
of the MD dimension of canines and the inter-canine arch width [29-31]. Most studies included measurements on 
different tooth positions, in particular on all teeth [17,19-22,24,27], only on maxillary teeth [23], or only on 
randomly chosen tooth positions [12-16,18,25]. The reported studies revealed that the dimensions of the canines 
provide the highest sexual dimorphism [14-16,19,21,26,27], followed by the premolars [19,26,27], the first and 
second molars [12,16,25-27], and the maxillary incisors [1,19]. Moreover, these findings were similar comparing 
samples of divers biologic origin [17,19-22,27]. Morphological features of tooth crown and root were studied 
mainly in incisors and molars of both dentitions. Different methods were reported in the literature and excelled 
with the ASUDAS (Arizona State University Dental Anthropology System) method [11]. A non-metric feature 
which has been found to show sexual dimorphism, is the distal accessory ridge of the canines, which shows in 
males a higher frequency and a more pronounced trait expression [1,4,11]. Sexual dimorphism has been shown to 
be more significant in the permanent dentition of young adults. Studies indicated that the early permanent 
dentitions provided the best conditions for tooth size measurements and morphological feature registration 
because, in an early adulthood dentition less mutilation and less attrition is observed [8,32]. Panoramic 
radiographs are a very commonly used tool for diagnosis in dental practice, and consequently allow for an easy 
retrospective collection of the registered information [33]. The radiographs permit to perform (digital) 
measurements of different tooth crown and root parts [34-36]. The aims of this study were to assess the degree of 
sexual dimorphism in permanent teeth, in particular to detect which tooth dimension, on which tooth position, was 
most sex related and applicable for sex estimation in forensic practice. Moreover it was aimed to explore if 
combining specific tooth dimensions on particular tooth positions improved the accuracy of sex prediction in 
forensic identification. 
MATERIALS AND METHODS 
In the age range between 22 and 34 years 200 digital panoramic radiographs (100 M, 100 F) were retrospectively 
collected from the dental clinic files of the University Hospitals UZ Leuven, Belgium. The panoramic radiographs 
were digitally captured according to the manufacturer’s recommendations for positioning and exposure. Images 
were acquired with Cranex Tome (Soredex, Finland), Veraviewpocs 2D (J. Morita, USA), Planmeca Promax 2D 
(Planmeca Oy, Finland), and Vistapano S (Durr Dental AG, Germany). 
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Ethical clearance was obtained from the Ethical Committee of University Hospitals UZ Leuven, Belgium (2014 
12 11). The collected data were anonymized. Besides the panoramic radiographs, additional data were extracted 
from the related patient files, including date of radiographical exposure, date of birth and sex. The selected 
radiographs met the following inclusion criteria: good image quality, all permanent teeth completely developed, 
no teeth extracted, no medical history of tooth pathology or disorders of skeletal development visible, and no 
crown restoration, occlusal wear, trauma or orthodontic treatment detected. Images demonstrating major errors 
were rejected and thus excluded from further analysis. Panoramic radiographs were imported in image 
enhancement software (Adobe Photoshop CS6, Adobe System Incorporated, San Jose, CA, USA) [37] and resized 
1:1, based on the technical specifications of the related dental radiography unit manufacturer.  
Four landmarks were located on each considered tooth, namely the most occlusal tooth point (O), the root apex 
(A) (for multiradicular teeth the mesial root apex (MA) was considered), the mesial cement-enamel junction 
(MCEJ), and the distal cement-enamel junction (DCEJ) (Fig. 1). The landmarks were used to measure tooth part 
dimensions. These variables were grouped in lengths and width variables, and ratios of variables were calculated 
(Table 1, Fig. 2). In particular the established length measures were: total tooth length (TTL), occlusal plane 
length (OPL), total crown length (CL), crown length (CEJL), and root length (RL). The width measures included 
maximal crown width (CW) and cement-enamel junction width (CEJW). The ratios of tooth lengths from the same 
tooth allowed correcting for radiographical deformation. In premolars and molars, due to sometimes appearing 
bucco-palatinal inclination, buccal and palatal cusps are not overlapping. The ratio between OPL and TTL gave an 
indication of the degree of bucco-palatinal inclination of premolars and molars (ratio = 1 equals no inclination). 
All variables were measured on all permanent teeth in the upper and the lower left quadrant. In the case of absence 
or poor image quality of the considered tooth on the left side, the corresponding contralateral tooth was measured 
(e.g. Federation Dentaire International # 43 instead of # 33). In total 212 variables (106 measurements and 106 
ratios) were examined.  
All the measurements were registered by a single examiner. To check for intra- and inter- observer reliability, after 
one month 15% of the radiographs were randomly selected and re-evaluated by the first  and a second examiner. 
The intraclass correlation coefficients (ICC) were calculated to quantify the degree of reliability. 
For each of the 212 variables separately, males and females were compared using a Mann-Whitney U test. The 
discriminative ability was quantified using the area under the curve (AUC). A value of 1 equals perfect 
discrimination, and 0.5 equals random prediction. Suppose that males have on average a higher score on a specific 
variable than females. Then the AUC can also be interpreted as the probability that a randomly chosen male 
subject has a higher score on that variable than a randomly chosen female. P-values were adapted for multiple 
testing using the false-positive discovery rate (FDR) [38]. Since the number of variables is high compared to the 
number of subjects, in a first step a principal component analysis (PCA) on the 212 variables has been used to 
reduce the dimension of the data. The resulting principal component scores, each of them being a linear 
combination of the original variables are then used to discriminate between males and females. More specifically, 
a (multivariate) linear discriminant analysis (LDA) is used separately for a varying number of principal 
components (1 to 30). The LDA is based on a multivariate normal distribution assuming the same covariance 
matrix in both groups and results in a score which is a linear combination of the used principal component scores. 
The misclassification error, the AUC and the Brier score (i.e. the mean squared prediction error) were given to 
quantify the performance of the PCA-LDA model. To obtain a fair assessment of the performance for future 
observations, a cross-validation procedure was applied splitting 100 times at random the data into a calibration 
(80%) and test (20%) set. The procedure was applied in the calibration set and evaluated in the test set. Mean 
performance (over the 100 samples) was compared with the (overoptimistic) observed performance. Analyses 
have been performed using SAS software, version 9.2 of the SAS System for Windows (SAS Institute Inc., Cary, 
NC, USA). 
RESULTS 
The subjects of the studied sample had a mean age of 27.1 years (SD 3.37 years) for M and 26.4 years (SD 2.92 
years) for F. 
The mean ICC for the intra observer reliability was 0.95. For 153 and 208 variables the ICC values were higher 
than 0.90 and 0.80, respectively. The mean inter observer ICC was 0.71. For 92, 116 and 133 variables the ICC 
values were higher than 0.90, 0.80, and 0.70 respectively. 
 4 
For all considered teeth, all mean tooth length and mean width measures were found to be higher in M than in F. 
As an illustration, the sex specific mean TTL and CW measures for M and F were listed in Table 2. The variables 
being significantly different between males and females, and having a p-value <0.0001 after correction for 
multiple testing were listed in Table 3. All these variables were tooth length measures, except for 1 ratio of lengths 
and 3 width measures. TTL for the mandibular canine was the most discriminative variable. In general the 
mandibular and maxillary canines showed the greatest sexual dimorphism for the length, and to a minor extend, 
for the width measures. In the univariate analyses only three variables had an AUC higher than 0.75, i.e. TTL33, 
TTL23 and RL33 (Table 4). 
The results from the multivariate analyses (PCA-LDA models) revealed that increasing the amount of information 
(i.e. increasing the number of included PC) did not substantially increase the discriminative ability. Irrespective of 
the number of PC scores used, the cross-validated AUC stayed below 0.80 and the cross-validated 
misclassification error above 25% (Table 5). 
 
DISCUSSIONS  
 
In the current research it was not feasible to collect all data from direct measures on extracted teeth, because in 
contemporary research it is not feasible to sample 100 male and 100 female corpses with all permanent teeth 
present, in the ages immediately after maturation of these teeth. Moreover it would be hard (to impossible) to get 
ethical clearance to extract all teeth from the sampled subjects. Therefore measures of teeth on a panoramic 
radiograph collection were chosen as best alternative to collect data for the current indicative study. 
Multiple reasons support this decision. Firstly, panoramic radiographs allowed to register the principal metric sex 
related tooth features, described in literature [14, 18, 19, 21, 23-27]. Because on panoramic radiographs a clear 
distinction between the enamel, the dentine, the pulp and the surrounding tooth structures was registered, it 
permitted to measure in particular the total tooth length, the crown length, the root length and mesiodistal tooth 
widths on divers levels (Table1). Secondly, compared to tooth dimension data collected intraorally or on dental 
casts, panoramic radiographs allowed to register measurements of the whole tooth, including the root(s). In 
particular tooth and root length(s) and MD root widths at different levels could be registered (Table1). 
Subsequently more sex related dental variables could be explored. Third, the variable measurements 
performed on panoramic radiographs were, compared to variable measures from previous studies 
performed on casts or intra oral, established more in correspondence with the standards to describe 
corresponding variables, e.g. in the current study CW was measured from the mesial to the distal 
contact point, and CL was considered from the most occlusal crown point perpendicular to the 
connection between the mesial and distal CEJ. Fourth, although in forensic context periapical radiographs 
represent the standard radiographical procedure during post mortem dental data collection, in the current research, 
panoramic radiographs offered the possibility to study all teeth present in a subject, on one single image [33]. This 
reduced the working time and eliminated the registration errors that could occur with the repeated geometric 
radiographic settings necessary for standardized periapical radiograph exposure of the whole dentition [33,39]. 
Moreover a retrospective periapical x-ray collection of all tooth positions from each sampled subject was not 
available, because most periapical x-rays collections mainly include images of particular pathologic teeth with 
insufficiently known clinical diagnostic information. 
Disadvantages of using panoramic radiographs for data collection, were first the need to calibrate the image size 
according to the technical specifications of the used panoramic unit [34]. In order to obtain 1:1 sized images, the 
dimensions of the imported images required resizing, according to the magnification factor and the panoramic 
image sizes, mentioned in the technical specifications of the unit manufacturer. Secondly, due to tooth rotation, 
overlap, and/or interference with the surrounding anatomical structures [33], difficulties in locating landmarks 
could appear on panoramic radiographs. Therefore during the radiograph collection process, only images 
overcoming these issues were selected and included. Twenty three percent of the initial collected radiographs were 
excluded. Possible radiographical deformations were compensated using tooth dimensional ratios. Third, future 
research may focus on the relation between the panoramically derived tooth ratio’s and the potential measures on 
intra-oral radiographs from the same teeth in the same patient (or from PM extracted teeth). This information is 
essential, because during forensic examinations there is mostly a lack of ability to perform a panoramic 
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radiographical registration of the presented dental evidence(s). Fourth, certain non-metric dental traits can be used 
for sex discrimination. They can be observed, performing a clinical oral examination or investigations on extracted 
teeth or on dental casts [11] (E.g. the canine distal accessory ridge morphology [1], crown traits of (deciduous) 
teeth [40], together with BL tooth properties, tooth weight [41], and tooth form (combination of size and shape) 
[42]). These features are not registered or detectable on panoramic radiographs.  
In a pilot setup 21 subjects (11 males and 10 females) with both dental casts and a panoramic 
radiograph registered the same day, were retrospectively collected from patient files. To detect possible 
distortion between the measures on casts and on panoramic radiographs the CW of all studied teeth was 
measured on both registrations and their mean ratio calculated. The obtained mean ratios varied 
between 1 (SD 0.16) and 1.31 (SD 0.18). The appearing discrepancies between both measures cannot 
only be attributed to radiographic deformation. On the casts it was not possible to measure exactly from 
the mesial to the distal contact point, especially not in the dorsal tooth positions. This was reflected in 
the high differences in results between the frontal (mean ratio ≤ 1.08) and the dorsal teeth (1.13 ≤ mean 
ratio ≤ 1.31). The results of the pilot setup indicate that extrapolation of the study results to real tooth 
measures need to take into account possible radiographical distortions. Because in the pilot setup only 1 
studied variable could be validated (with an inherent measure fault), in future research a validation of 
all studied variables should be performed comparing the current variables measured on extracted teeth 
and on their panoramic radiograph taken before extraction. 
The age range of the studied sample was restricted to young adults (22 - 34 years), to ensure that the teeth of the 
investigated mature dentitions had the highest probability to be intact. Especially tooth development and certain 
dental physiology or pathology could affect the tooth length measurements. Tooth wear (e.g. attrition) increases 
with increasing age [43], the normal vertical loss of enamel from physiological wear in vivo is considered to be 
approximately 20-38 μm per annum [44]. A recent systematic review of 186 prevalence studies, concluded that 
the percentage of subjects presenting with severe tooth wear increased from 3% at the age of 20 years to 17% at 
the age of 70 years [45]. The studied subjects were spread in the age range between 22 and 34 years. The youngest 
age truncation was necessary to include subjects with mature teeth. The oldest truncation was chosen to maximally 
reduce the influence of attrition. Indeed, according to the mentioned standard of vertical loss, the maximal vertical 
loss possibly appearing between the youngest and oldest included subject would be 456 µm (38 µm x 12 years). 
Taking additionally into account that severe attrition in the studied sample only appears in the smallest part of the 
3% to 17% range, it can be concluded that attrition is not affecting the current study outcomes. Most studies using 
intraoral measurements for sexual dimorphism set a similar age range for their selected study sample [12,14]. 
The current univariate study results indicated that dimensions of the mandibular and maxillary canine present the 
highest ability for sexual dimorphism. This result was consistent with the existing literature reports [14-
16,19,21,26,27]. Statistically significant differences between M and F, based only on tooth length measures were 
detected in the following teeth: first mandibular premolar, lateral and central maxillary incisors, second 
mandibular molar, second maxillary premolar, central and lateral mandibular incisors, second mandibular 
premolar and first maxillary premolar (p-value (FDR) <0.0001). These results were in agreement with studies 
performed on similar sized samples of populations from different biological origin, reporting significant 
differences in tooth size between M and F in premolars [19,26,27], first and second molars [12,16,17,25-27] and 
maxillary incisors [1,19]. All referred studies were based only on BL and MD crown measurements. In the current 
study, canine length measurements, TTL and RL, were found to have the highest discriminative values. 
In forensic anthropology the accuracy of determining the correct sex by morphological and metric assessment of 
different skeletal bones is between 80% and 90% for scapula [46,47], sternum [48], humerus [49] and femur [50]. 
These values increase to nearly 100% for combinations of skull [51,52], scapula and clavicle [53], or femur and 
hip bone [54], or the pelvic bones [55,56]. Other methods like finger printing [57] and DNA analysis [58] have a 
high accuracy, between 96.8% and 100% respectively. Teeth are considered a useful supplement and adjunct to 
sex discrimination, but not recommended as the sole indicator of sex [1]. The main practical forensic appliance of 
sex estimation, is to narrow the ante mortem search field based on the available post mortem evidences. 
Consequently this search should depend on highly reliable information. Therefore an accuracy of at least 80% 
would avail for the studied dental variables to be used as sole sex predictor. In the current research the highest 
AUC value was between 0.75 – 0.80, for only three tooth specific variables. Combining tooth variables by using 
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ratios, did not increase the tooth specific AUC values, a maximal AUC value of 0.68 was detected for the ratio of 
RL37 and TTL37. The performed multivariate analysis did not detect a high increase in the discriminative results 
compared to the univariate results. Combining variables information from 30 PCs, which explained 88% of the 
total variability of the 212 variables, did not succeed in obtaining AUC values higher than 0.80 (cross-validated). 
The obtained ICC values to test intra observer reliability, indicated an excellent level of reproducibility of the 
tooth dimension measurements. The lower obtained ICC values for the inter observer reliability test can be 
explained by a difference in experience between the two observers, and is transferable to forensic practice, where 
less experienced examiners need to perform the measurements according to the described protocols. 
In future research, could be validated, if extrapolation of the current findings to periapical radiograph registrations 
is possible. Further on, the exact influence of age on the sex discriminative values of the used dental variables 
should be examined and quantified for each possibly affected variable. Because in forensic anthropological 
examinations, teeth are often present in the available skeletal evidences, combining the currently studied dental 
and available skeletal sex discriminative parameters should be explored on their sex discriminative performances. 
 
CONCLUSIONS 
 
The canines were the most sexual dimorphic teeth. The best sexual dimorphic parameters were tooth 
lengths, in particular TTL and RL. 
Combining multiple dental parameters did not provide additional sexual dimorphic information, 
compared to individual parameters or ratios of parameters. 
In future, research could be validated, if extrapolation of the current findings to periapical radiograph 
registrations is possible. Further on, the exact influence of age on the sex discriminative values of the 
used dental variables should be examined and quantified for each possibly affected variable. A 
validation of all studied variables should be performed comparing the current variables measured on 
extracted teeth and on their panoramic radiograph taken before extraction, in order to quantify possible 
radiographic distortions of their linear measures. 
Using only dental parameters obtained from panoramic radiographs for sexual dimorphism should be 
avoided since the discriminative ability is too low to obtain an acceptable misclassification error. 
 
 7 
References 
1. Joseph AP, Harish RK, Rajeesh Mohammed PK, Vinod Kumar RB (2013) How reliable is sex 
differentiation from teeth measurements. Oral & Maxillofacial Pathology Journal 4 
2. DVI Guide: INTERPOL 2014 (2014).  
3. Pretty IA, Sweet D (2001) A look at forensic dentistry — Part 1: The role of teeth in the 
determination of human identity. British Dental Journal 190 (7):359-366 
4. Rai B, Kaur J (2013) Evidence-Based ForensicDentistry. Springer-Verlag Berlin Heidelberg,  
5. Singh NN, Gowhar O, Ain TS, Sultan S (2014) Exploring Trends in Forensic Odontology. Journal of 
Clinical and Diagnostic Research 8(12):ZC28-ZC30 
6. Senn DR, Weems RA (2013) Manual of Forensic Odontology. 5th edn. CRC Press, Taylor & Francis 
Group, Boca Raton 
7. Carvalho SP, Brito LM, Paiva LA, Bicudo LA, Crosato EM, Oliveira RN (2013) Validation of a physical 
anthropology methodology using mandibles for gender estimation in a Brazilian population. J Appl 
Oral Sci 21(4):358-362 
8. Rötzscher K (2014) Forensic and Legal Dentistry. Springer International Publishing Switzerland,  
9. Gupta A, Kumar K, Shetty DC, Wadhwan V, Jain A, Khanna KS (2014) Stature and gender 
determination and their correlation using odontometry and skull anthropometry. J Forensic Dent Sci 
6(2):101-106 
10. Thapar R, Angadi PV, Hallikerimath S, Kale AD (2012) Sex assessment using odontometry and 
cranial anthropometry: evaluation in an Indian sample. Forensic Sci Med Pathol 8(2):94-100 
11. Moreno-Gómez F (2013) Sexual Dimorphism in Human Teeth from Dental Morphology and 
Dimensions: A Dental Anthropology Viewpoint. In. doi:http://dx.doi.org/10.5772/55881 
12. Eboh DEO (2012) A dimorphic study of maxillary first molar crown dimensions of urhobos in 
Abraka, South-Southern Nigeria. J Morphol Sci 2:96-100 
13. Parekh DH, Patel SV, Zalawadia AZ, Patel SM (2012) Odontometric Study Of Maxillary Canine Teeth 
To Establish Sexual Dimorphism In Gujarat Population. Int J Biol Med Res 3(3):1935-1937 
14. Khangura RK, Sircar K, Singh S, Rastogi V (2011) Sex determination using mesiodistal dimension of 
permanent maxillary incisors and canines. J Forensic Dent Sci Jul-Dec; 3(2):81-85 
15. da Costa YTF, Lima LNC, Rabello PM (2012) Analysis of canine dimorphism in the estimation of sex. 
Braz J Oral Sci 11(3):406-410 
16. Mujib ABR, Tarigoppula RKVN, Kulkarni PG, Anil BS (2014) Gender Determination Using Diagonal 
Measurements of Maxillary Molar and Canine Teeth in Davangere Population. Journal of Clinical and 
Diagnostic Research 8(11):141-144 
17. Prabhu S, Acharya AB (2009) Odontometric sex assessment in Indians. Forensic Science 
International 192:129.e121–129.e125 
18. Shireen A, Ara SA, Azzeghaiby SN, Alzoghaibi I, Tarakji B, Umair A (2014) Sex Determination 
Potential from Canine Tooth Dimensions. British Journal of Medicine & Medical Research 4(32):5133-
5143 
19. Sabóia TM, Tannure PN, Luiz RR, Costa MC, Granjeiro JM, Küchler EC, Antunes LS (2013) Sexual 
dimorphism involved in the mesiodistal and buccolingual dimensions of permanent teeth Dentistry 
3000 1(1). doi:10.5195/d3000.2013.10 
20. Mitsea AG, Moraitis K, Leon G, Nicopoulou-Karayianni K, Spiliopoulou C (2014) Sex determination 
by tooth size in a sample of Greek population. Homo 65(4):322-329 
21. Filipović G, Radojičić J, Stošić M, Janošević P, Ajduković Z (2013) Odontometric analysis of 
permanent canines in gender determination. Arch Biol Sci 65(4):1279-1283. doi:10.2298/ABS1304279F 
22. Brook AH, Griffin RC, Townsend G, Levisianos Y, Russell J, Smith RN (2007) Variability and 
patterning in permanent tooth size of four human ethnic groups. Supplement to Archives of Oral 
Biology (November 2007) 
23. Lakhanpal M, Gupta N, Rao NC, Vashisth S (2013) Tooth dimension variations as a gender 
determinant in permanent maxillary teeth. JSM Dent 1(1):1014 
 8 
24. Angadi PV, Hemani S, Prabhu S, Acharya AB (2013) Analyses of odontometric sexual dimorphism 
and sex assessment accuracy on a large sample. J Forensic Leg Med 20(6):673-677 
25. Zorba E, Moraitis K, Eliopoulos C, Spiliopoulou C (2012) Sex determination in modern Greeks using 
diagonal measurements of molar teeth. Forensic Science International 217:19-26 
26. Zorba E, Moraitis K, Manolis SK (2011) Sexual dimorphism in permanent teeth of modern Greeks. 
Forensic Science International 210:74-81 
27. Viciano J, López-Lázaro S, Alemán I (2013) Sex estimation based on deciduous and permanent 
dentition in a contemporary Spanish population. Am J Phys Anthropol 152(1):31-43 
28. Rai B, Anand SC (2007) Gender Determination by Diagonal Distances Of Teeth. The Internet Journal 
of Biological Anthropology 1 
29. Acharya AB, Angadi PV, Prabhu S, Nagnur S (2011) Validity of the mandibular canine index (MCI) in 
sex prediction: Reassessment in an Indian sample. Forensic Sci Int 204(1-3):e1-4 
30. Rao NG, Pai ML, Rao NN, Rao KTS (1988) Mandibular canine in establishing sex identity. J Indian 
Forensic Med 10:5-12 
31. Rao NG, Rao NN, Pai ML, Kotian MS (1989) Mandibular canine index – a clue for establishing sex 
identity. Forensic Science International 42:249-254 
32. Doris JM, Bernard BW, Kuftinec MM, Stom D (1981) A biometric study of tooth size and dental 
crowding. Am J Orthod 79:326-336 
33. Rushton VE, Horner K (1996) The use of panoramic radiology in dental practice. Journal of 
Dentistry 24(3):185-201 
34. Al-Shammari AF, Mohammed RK, Abed WM (2008) Estimation of real distance between two points 
in computer aided X-ray dental image of Planmeca Proline PC with Dimax device. J Bagh College 
Dentistry 20(2):98-103 
35. Yitschaky M, Haviv Y, Aframian DJ, Abed Y, Redlich M (2004) Prediction of premolar tooth lengths 
based on their panoramic radiographic lengths. Dentomaxillofacial Radiology 33:370-372 
36. Teixeira VP, Rodrigues DB, Reis MA, Castro EC, Piccioni DE, Beghini M, de Lima Pereira SA (2013) 
Comparison of the total length and areas of upper central incisor between males and females using 
computer-assisted morphometry. Anat Sci Int 88:130-133 
37. Thevissen P (2013) Dental Age Estimation in Sub-adults: Striving for an Optimal Approach. Leuven 
University Press,  
38. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: A Practical and Powerful 
Approach to Multiple Testing. Journal of the Royal Statistical Society 57 289-300 
39. Ohba T, Katayama H (1972) Comparison of orthopantomography with conventional periapical 
dental radiography. Oral Surg 34(3):525-530 
40. Adler CJ, Donlon D (2010) Sexual dimorphism in deciduous crown traits of a European derived 
Australian sample. Forensic Sci Int 199(1-3):29-37 
41. Schwartz GT, Dean MC (2005) Sexual dimorphism in modern human permanent teeth. Am J Phys 
Anthropol 128(2):312-317 
42. Ferrario VF, Sforza C, Tartaglia GM, Colombo A, Serrao G (1999) Size and shape of the human first 
permanent molar: a Fourier analysis of the occlusal and equatorial outlines. Am J Phys Anthropol 
108(3):281-294 
43. Johanson G (1971) Age determinations from human teeth. Odontologisk Revy 22 (21) 
44. Lambrechts P, Braem M, Vuylsteke-Wauters M, Vanherle G (1989) Quantitative in vivo Wear of 
Human Enamel. J Dent Res 68(12):1752-1754 
45. Van ’t Spijker A, Rodriguez JM, Kreulen CM, Bronkhorst EM, Bartlett DW, Creugers NHJ (Volume 22, 
Number 1, 2009) Prevalence of Tooth Wear in Adults. The International Journal of Prosthodontics 
2(1):151-158 
46. Dabbs G (2010) Sex determination using the scapula in New Kingdom skeletons from Tell El-
Amarna. Homo 61(6):413-420 
 9 
47. Giurazza F, Schena E, Del Vescovo R, Cazzato RL, Mortato L, Saccomandi P, Paternostro F, Onofri L, 
Zobel BB (2013) Sex determination from scapular length measurements by CT scans images in a 
Caucasian population. Conf Proc IEEE Eng Med Biol Soc:1632-1635 
48. Ekizoglu O, Hocaoglu E, Inci E, Bilgili MG, Solmaz D, Erdil I, Can IO (2014) Sex estimation from 
sternal measurements using multidetector computed tomography. Medicine (Baltimore) 93(27) 
49. Kranioti EF, Nathena D, Michalodimitrakis M (2011) Sex estimation of the Cretan humerus: a digital 
radiometric study. Int J Legal Med 125(5) 
50. Kanz F, Fitzl C, Vlcek A, Frommlet F (2015) Sex estimation using the femur of Austrians born in the 
19th to the middle of the 20th century. Anthropol Anz 72(1):117-127 
51. Iscan MY (2005) Forensic anthropology of sex and body size. Forensic Science International 
147:107-112 
52. Williams BA, Rogers T (2006) Evaluating the accuracy and precision of cranial morphological traits 
for sex determination. J Forensic Sci 51(4):729-735 
53. Papaioannou VA, Kranioti EF, Joveneaux P, Nathena D, Michalodimitrakis M (2012) Sexual 
dimorphism of the scapula and the clavicle in a contemporary Greek population: applications in 
forensic identification. Forensic Sci Int 217(1-3):231-237 
54. Clavero A, Salicrú M, Turbón D (2015) Sex prediction from the femur and hip bone using a sample 
of CT images from a Spanish population. Int J Legal Med 129(2):373-383 
55. Durić M, Rakocević Z, Donić D (2005) The reliability of sex determination of skeletons from forensic 
context in the Balkans. Forensic Sci Int 147(2-3):159-164 
56. Bruzek J (2002) A method for visual determination of sex, using the human hip bone. J Phys 
Anthropol 117:157-168 
57. Dhall JK, Kapoor AK (2015) Fingerprint Ridge Density as a Potential Forensic Anthropological Tool 
for Sex Identification. J Forensic Sci Sep 29 
58. Álvarez-Sandoval BA, Manzanilla LR, Montiel R (2014) Sex determination in highly fragmented 
human DNA by high-resolution melting (HRM) analysis. PLoS One 2014 Aug 6;9(8): 9(8) 
 10 
Tables 
Table 1 Variables and ratios of variables based on tooth measures established on panoramic radiographs 
Variable 
group 
Variable Description 
Tooth 
length 
TTL* Length between O and A or MA 
OPL* Length between OP and A, perpendicular on OP  
CL* Length between O and the cement - enamel junction (CEJ) 
CEJL* Length between OP and CEJ 
RL* Length between CEJ and A or MA 
Tooth width  
CW* Maximal crown width 
CEJW* Width between MCEJ and DCEJ 
Ratios 
CEJL/TTL* Crown length/Total tooth length 
CEJL/RL* Crown length/Root length 
RL/TTL* Root length/Total tooth length 
OPL/TTL* Occlusal plane length/Total tooth length 
CEJW/CEJL* Crown width/Crown length 
CEJW/TTL* Crown width/Total tooth length 
CEJW/RL* Crown width/Root length 
O - most occlusal tooth point, A - root apex, MA - mesial root apex, CEJ - cement-enamel junction, MCEJ - mesial cement-enamel junction, 
DCEJ - distal cement-enamel junction, OP - occlusal plane 
*to specify the measured tooth, the variables were given an additional indication of the corresponding tooth number (e.g., TTL measured on 
left upper central incisor: TTL21) 
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Table 2 Sex specific mean TTL and CW values for each measured tooth  
Variable 
Male (n=100) Female (n=100) 
Mean* SD* Mean* SD* 
TTL21 24.37 2.18 22.53 2.05 
CW21 7.4 1.04 7.06 0.95 
TTL22 22.91 2.18 21.07 1.94 
CW22 6.1 0.72 5.83 0.7 
TTL23 27.49 2.66 24.81 2.24 
CW23 7.46 0.73 7.05 0.58 
TTL24 22.71 1.96 21.31 2.02 
CW24 8.72 0.9 8.5 0.7 
TTL25 22.29 2.04 20.73 2.25 
CW25 7.92 0.84 7.89 0.74 
TTL26 20.83 1.8 19.91 1.82 
CW26 10.85 0.9 10.66 0.82 
TTL27 20.24 1.78 19.57 1.67 
CW27 10.1 0.78 9.84 0.8 
TTL28 18.24 1.79 17.68 1.83 
CW28 9.56 1.01 9.4 1.02 
TTL31 18.51 1.98 17.33 1.83 
CW31 4.74 0.68 4.71 0.62 
TTL32 20.24 2.21 18.78 1.81 
CW32 5.35 0.64 5.22 0.62 
TTL33 24.68 2.39 22.14 2.07 
CW33 6.59 0.68 6.19 0.62 
TTL34 22.7 1.9 21.05 1.76 
CW34 7.23 0.7 7.1 0.53 
TTL35 23.21 2.07 21.74 2.16 
CW35 8.01 1.77 7.89 0.79 
TTL36 22.45 1.78 21.39 1.92 
CW36 12.03 1.02 12.01 0.87 
TTL37 21.76 1.75 20.42 2 
CW37 11.6 0.99 11.54 0.85 
TTL38 18.33 1.92 17.91 1.85 
CW38 11.34 1.03 11.1 1.09 
n- sample size, TTL -  total tooth length, CW - maximal crown width, * expressed in mm 
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Table 3 List of variables with p<0.0001 after FDR correction for multiple testing, ordered on AUC value 
 
Variable AUC (95%CI) Variable AUC (95%CI) 
TTL33 0.788 (0.726;0.850) RL32 0.699 (0.626;0.771) 
TTL23 0.781 (0.718;0.843) OPL25 0.698 (0.625;0.771) 
RL33 0.777 (0.713;0.841) TTL37 0.698 (0.626;0.770) 
TTL34 0.748 (0.680;0.816) RL35 0.696 (0.623;0.770) 
RL23 0.745 (0.677;0.812) TTL24 0.693 (0.620;0.766) 
TTL22 0.733 (0.665;0.802) TTL35 0.693 (0.620;0.766) 
RL21 0.731 (0.663;0.800) OPL37 0.691 (0.618;0.764) 
OPL34 0.727 (0.657;0.798) TTL32 0.688 (0.614;0.761) 
RL37 0.726 (0.656;0.796) CW23 0.684 (0.610;0.758) 
TTL21 0.726 (0.656;0.795) OPL35 0.684 (0.611;0.758) 
RL22 0.725 (0.655;0.795) CL23 0.684 (0.610;0.758) 
CEJW33 0.718 (0.647;0.788) CEJL23 0.684 (0.610;0.758) 
RL34 0.712 (0.640;0.783) RL25 0.682 (0.607;0.757) 
TTL25 0.702 (0.629;0.775) RL37/TTL37 0.680 (0.606;0.754) 
RL31 0.702 (0.630;0.773) CL34 0.679 (0.604;0.753) 
CEJW23 0.699 (0.627;0.772)   
AUC – area under the curve 
CI - confidence interval 
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Table 4 Distribution of the AUC values for the 212 variables  
AUC value  Frequency 
Cumulative 
Frequency 
<0.55 59 59 
0.55-0.60 70 129 
0.60-0.65 40 169 
0.65-0.70 28 197 
0.70-0.75 12 209 
0.75-0.80 3 212 
AUC: area under the curve 
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Table 5 Observed and cross-validated sex discriminating performance (misclassification error, area under the curve, Brier score) as based on 
the number of used principal components. The results of the cross-validation refer to the mean over 100 random samples 
 
 
 
%EV 
Misclassification Error AUC Brier score 
N PCs Observed 
Cross-
validated  
Observed 
Cross-
validated  
Observed 
Cross-
validated  
1 17,2 0.285 0.297 0.750 0.758 0.203 0.202 
2 30,0 0.300 0.302 0.753 0.753 0.202 0.204 
3 37,2 0.305 0.310 0.761 0.752 0.199 0.204 
4 43,3 0.285 0.305 0.774 0.756 0.194 0.204 
5 47,6 0.285 0.295 0.786 0.765 0.189 0.200 
6 50,8 0.280 0.303 0.791 0.768 0.186 0.199 
7 53,7 0.280 0.297 0.793 0.767 0.187 0.199 
8 56,4 0.275 0.295 0.791 0.765 0.186 0.201 
9 58,9 0.275 0.295 0.790 0.767 0.186 0.199 
10 61,3 0.265 0.292 0.814 0.774 0.175 0.197 
11 63,4 0.250 0.289 0.815 0.774 0.174 0.198 
12 65,4 0.235 0.290 0.816 0.775 0.174 0.198 
13 67,3 0.255 0.288 0.823 0.775 0.172 0.198 
14 69,1 0.245 0.292 0.829 0.775 0.169 0.198 
15 70,7 0.235 0.291 0.829 0.772 0.169 0.200 
16 72,3 0.235 0.294 0.829 0.769 0.169 0.202 
17 73,8 0.255 0.295 0.828 0.768 0.169 0.203 
18 75,2 0.250 0.296 0.828 0.771 0.169 0.202 
19 76,6 0.235 0.294 0.836 0.776 0.165 0.200 
20 77,9 0.215 0.287 0.858 0.782 0.152 0.196 
21 79,3 0.215 0.286 0.861 0.790 0.151 0.193 
22 80,4 0.200 0.280 0.871 0.794 0.146 0.191 
23 81,6 0.205 0.282 0.872 0.792 0.146 0.193 
24 82,7 0.210 0.287 0.871 0.790 0.146 0.194 
25 83,7 0.210 0.280 0.871 0.793 0.146 0.193 
26 84,7 0.220 0.275 0.880 0.794 0.141 0.193 
27 85,6 0.205 0.277 0.880 0.792 0.141 0.195 
28 86,5 0.220 0.281 0.879 0.789 0.141 0.197 
29 87,3 0.210 0.286 0.880 0.788 0.140 0.199 
30 88,1 0.205 0.290 0.880 0.782 0.140 0.202 
AUC: area under the curve, N PCs: number of principal components, %EV: percentage of the total variability of the 212 variables explained 
by the included principal component scores 
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